Introduction
Molecular recognition and sensing of nucleotidesh as been an active researchf ield over recent decades due to their biological significance. [1] In addition to the well-known DNA,R NA and co-factor nucleotides NAD (nicotinamide adenine dinucleotide and FAD( flavin adenine dinucleotide), several nucleotide-related molecules, such as cyclic diguanylate (c-di-GMP), cyclic adenosine monophosphate (cAMP), diadenosine tetraphosphate (Ap4A) and guanosine penta-or tetraphosphate (pppGpp or ppGpp, respectively), are being actively investigated for their role within second messenger signalling systems. These molecules are produced by bacteria, along with quorum sensing (QS) autoinducers, in response to environmental stimuli and, in turn, lead to av ariety of phenotypicc hanges that allow bacteria to surviveo re ven proliferate. In the post-antibiotic era, [2] it is of outmost importance to acquire ad etailed understanding of how bacteria respond to stress to set out effective strategies not only to prevent the insurgence of antibiotic resistance, but also to eradicate recurrent and chronic infections.
Dissecting each signalling pathway requires the selective detection of each such signalling molecule in am ilieu overpopulated with many other,structurally similar,compounds.
We decided to focus our attention on ppGppo rp ppGpp, collectively known as (p)ppGpp,asignalling alarmone produced in response to stress conditions [3] (e.g.,h eat shock, nutrient starvation). Discovered in 1969 by Cashel and Gallant, [4] they werei nitially nicknamed magic spot Ia nd II, but, even after their structures were elucidated (1;F igure 1), the nickname lingered due to the complexity of the pleiotropic effects thesem olecules have on bacterial physiology. [5] Indeed, (p)ppGpp impactso nt ranscription, translation and DNA replication, [3] and generates virulence factors by interferingw ithQ S networks. [6] Accumulation of (p)ppGpp is also upstream of the stringent response, as ignalling cascade implicated in the formation of ad ormantb acterial phenotype called persister. [7] This phenotype,t ransiently tolerant to antibiotic treatment, is not only largely responsible for the difficulties encountered in eradicating recurrenta nd chronic infections, but also favours the insurgence of resistant strains.
In the course of our research project on small molecules able to control the onset of the persistentp henotype by interfering with the stringent responsep athway,s electived etection of (p)ppGpp has become ac ritical factor.D etectiono f (p)ppGppi ns olutionh istorically relied on radiolabelledc ompounds (either with 3 Ho r 32 P) [8] or HPLC methods. [9] Only in recent years has af luorescent chemosensor (PyDPA; Figure 1 )-a compound bearing ab inding moiety connected to and communicating with af luorophore [10] -been specifically designed to bind selectively (p)ppGpp over othern ucleotides, such as ATP, GTP,U TP,TTP,c AMP and cGMP. [11] From as tructuralp oint of view,P yDPAc omprises two Zn 2 + -dipicolylamine (Zn 2 + -DPA) units, which are well known for their ability to bind pyrophosphate groups in water, [12] bridged to ap yrene moiety through an alkyloxy phthalate. One molecule of (p)ppGpp, with its two terminal pyrophosphate groups, is able to chelate two moleculeso fP yDPA, thus forcing the proximity of the corresponding pyrene units, which are exploited for their distinctive excimer emission (l em = 470 nm). [13] Quantification of (p)ppGpp in solution is therefore possible with an appropriate calibration curve up to the low-micromolar range.
Guanosine penta-or tetraphosphate (pppGpp or ppGpp, respectively) is an ucleotide signalling molecule with am arked effect on bacterial physiology during stress. Its accumulation slows down cell metabolism and replication, supposedly leading to the formationo ft he antibiotic-tolerant persister phenotype. As pecifically tailored fluorescent chemosensor,P yDPA, allows the detection of (p)ppGpp in solution with high selectivity,relative to that of other nucleotides. Herein,anoptimised synthetic approach is presented that improves the overall yield from 9t o6 7% over 7steps. The simplicity and robustness of this approach will allow groupsi nvestigating the many facets of (p)ppGpp easy access to this probe. The synthesis of PyDPA, as originally reported in 2008 by Rhee andc o-workers, [11] was achieved in am odest yield of about 9% over6 steps, starting from 1-bromopyrene (2; Scheme1), whereas am arginal improvement to the overall yield was reported af ew years later by the same group, [14] startingf rom 1-pyrenecarboxaldehyde (19 %o ver 8steps). Herein, we reporta no ptimised synthetic sequence that overcomest he criticals teps of the originala nd modified synthetic approaches to increase the overall yield from 9-19 to 67 % over 7steps.
Results and Discussion
The synthesis of Rhee et al. is outlined in Scheme 1. Halogenlithium exchange on 2 (nBuLi), followed by treatment with 1,3-dibromopropane yields the monoarylation product 3,w hich is used to alkylate 5-hydroxyisophthalic acid dimethyl ester.E ster reduction (LiAlH 4 )a nd reactiono ft he resulting diol with PBr 3 affords dibromide 4.A lkylation of DPAwith 4 affords the structure of the ligand, which is finally transformed in the Zn complex upon treatment with ZnClO 4 .A ll steps are described to Scheme1.Reported synthesis of PyDPA, according to ref. [11] . ChemBioChem 2019 ChemBioChem , 20,1717 ChemBioChem -1721 www.chembiochem.org 2019 The Authors. Publishedb yWiley-VCH Verlag GmbH &Co. KGaA, Weinheim proceedi ng ood to excellent yields, except fort he first one, which proceeds with am odest yield of 18 %, thus undermining the whole synthetic sequence. To improve on these results, we envisaged exploiting the reactivity of the CÀBr bond of 2 to perform ap alladium-catalysed coupling reaction with dimethyl-5-propargyloxy-isophthalate (5;S cheme 2), under Sonogashira conditions. Differ-
), in the presence or absence of coppers alts (CuI), differentsolvents (e.g.,tertiary amines,T HF,D MF) andar ange of reaction temperatures (from 40 to 90 8C) were explored without success. Indeed,t he high activation temperatures required to activate the CÀBr bond were not compatible with the thermal instability of alkyne 5 and either no conversion of the startingm aterial or alkyne decomposition was observed.
The use of more reactive1 -iodopyrene (6) [15] allowedd esired product 7 to be obtainedu nder mild conditions, although in modesty ield (42 %), buti ta lso introduced an additional step to the synthetic sequence, which reducedt he overall yield to 35 %( Scheme 2).
Finally, as equential approachw as adopted to introduce the alkynylc hain first and form the ether linkagea talater stage. Although classical Sonogashira conditions are described as being effective for the reaction of propargyl alcohol (8)w ith 2, [16] in our hands only copper-free conditions, with [Pd(PPh 3 ) 4 ] as ac atalyst in nBuNH 2 at reflux, gave the desired product 9 in excellent yield (94 %; Scheme 3). [17] It is worth noting that the same reaction conditions appliedt op hthalate 5 only resulted in alkyne decomposition and am ixture of unidentified byproducts.C atalytic reduction of the triple bond of 9 has been described with PtO 2 (15 mol %) in THF, [18] butw ef ound that much cheaper Pd/C in methanol workedj ust as well, with a lower catalyst loading (5 mol %) and shorterr eaction times (20 min);t hus resulting in an overall dramatic decrease in the reactioncost.
Finally,t he reactiono fa lcohol 10 with HBr/AcOH under MW irradiation, as described in ref. [19] with modifications, proceeded smoothly to afford bromide 3 in quantitative yield (Scheme 3). Alternative conditions involvingt he use of PBr 3 for functional group transformation provided lower yields and complicated the reaction workup. Thus, compared with the reported procedure, we obtained the same intermediate 3 in an overall yield of 92 %, as opposed to 18 %. Twoa dditional steps are required, but only one chromatographic purification is involved over the three steps.
At this stage,t oi ncreaset he convergenceo ft he synthetic path and to skip the carboxymethyl ester reduction stept hat was described to proceed in 68 %y ield (Scheme 1), triol 11 was used for the synthesis of ether 13,e xploiting the lower pK a of the phenol moiety (Scheme 4). The triol could be obtained in almostq uantitative yield through the reduction of commercially availabled imethyl 5-hydroxyisophthalate (12) with LiAlH 4 . [19] Alkylation of 11 with 3 was best performed with an excess of K 2 CO 3 and one equivalent of KI in acetonitrile at reflux. Under these conditions, ether 13 was isolated in 95 % yield, after 17 h.
The final steps of the synthetic process were reproduced as previously described, with comparabley ields (Scheme 4). Diol 13 was therefore treated with PBr 3 to afford dibromide 4 (89 %), which gave 14 upon reaction with excess bis(2-picolyl)-amine (88 %). Treatmento f14 with Zn(ClO 4 ) 2 ·6H 2 Oa llowed chemosensor PyDPA, which was used for (p)ppGppd etection withoutfurther purification.
Spectraldata
The spectral properties of PyDPA, including absorption and fluorescences pectra, in the presence of ppGpp were consistent with data reported in the literature for the PyDPAc hemosensor ( Figure 2) .
Indeed, whereas the presence of ppGppl ed to the distinctive excimer emission band at l = 470 nm, the presence of other nucleotides, such as AMP,G DP or ATP, only showed the monomer emission bands. 
Conclusion
We have been able to streamline the synthesis of the PyDPA chemosensor,o vercoming the criticals teps of the originals ynthetic approach and increasing the overall yield from 9t o6 7% from the same starting material (2) . We believe that this approach will be easily reproducible and useful form any groups throughout the world that are investigating the biological activity of the still puzzling nucleotide signalling molecule (p)ppGpp.
Experimental Section
General:C hemicals were purchased from commercial sources and used without further purification, unless otherwise indicated. If anhydrous conditions were required, the reactions were performed under nitrogen or argon. Anhydrous solvents were purchased from Merck. Reactions were monitored by means of analytical TLC performed on silica gel 60 F254 plates (Merck) with UV detection (l = 254 nm) and/or staining with as olution of ammonium molybdate acid or alkaline potassium permanganate. Silica gel 60 (40-63 mm; Merck) was used for flash column chromatography.N MR spectroscopy measurements were recorded on aB ruker AVANCE-400 MHz instrument at 298 K. Chemical shifts are reported in ppm. The or ThermoFischer LCQ instruments (ESI ionisation). Compound 11 was prepared as described in ref. [19] .
Synthesis of 3-Pyren-1-yl-prop-2-yn-1-ol (9):1 -Bromopyrene (2; 100 mg, 0.35 mmol) was dissolved with [Pd(PPh 3 ) 4 ]( 13 mg, 0.0105 mmol) in nBuNH 2 (12 mL) degassed with Ar.C ompound 8 (102 mL, 1.78 mmol) was added to the mixture and the reaction was left to stir at reflux. After 3h the reaction was complete (TLC: hexane/EtOAc 2:1). The solvent was evaporated under reduced pressure and the crude product was purified by means of automated flash chromatography (hexane/EtOAc gradient from 92:8 to 40:60). Product 9 was obtained as as lightly yellow solid (85.1 mg, 95 %). Spectral data matched those reported in ref. [17] . 1 Synthesis of {5-[3-(pyren-1-yl)propoxy]-1,3-phenylene}dimetha-nol (13):C ompounds 3 (100 mg, 0.31 mmol), 11 (57.2 mg, 0.37 mmol), oven-dried K 2 CO 3 (128 mg, 0.93 mmol) and KI (56 mg, 0.34 mmol) were dissolved in dry CH 3 CN (2 mL, 0.15 m). The reaction mixture was stirred at reflux under MW irradiation for 17 h (TLC:C H 2 Cl 2 /MeOH 95:5). The solvent was evaporated under reduced pressure and the resulting brown solid was dissolved in EtOAc (15 mL). The solution was washed with water (3 5mL) and brine (1 15 mL). The organic phase was dried over anhydrous MgSO 4 and the solvent was evaporated under reduced pressure. The crude was purified by means of automated flash chromatography (95:5 CH 2 Cl 2 /MeOH) to afford pure 13 (116.3 mg, 95 %). Spectral data matched those previously reported.
[11] 1 HNMR (400 MHz, CDCl 3 ): d = 8.32 (d,
